ABSTRACT Background: Diets that are high in protein but reduced in carbohydrate contents provide a common approach for achieving weight loss in obese humans. However, the effect of such diets on microbiota-derived metabolites that influence colonic health has not been established. Objective: We designed this study to assess the effect of diets with reduced carbohydrate and increased protein contents on metabolites considered to influence long-term colonic health, in particular the risk of colorectal disease. Design: We provided 17 obese men with a defined weight-maintenance diet (85 g protein, 116 g fat, and 360 g carbohydrate/d) for 7 d followed by 4 wk each of a high-protein and moderate-carbohydrate (HPMC; 139 g protein, 82 g fat, and 181 g carbohydrate/d) diet and a high-protein and low-carbohydrate (HPLC; 137 g protein, 143 g fat, and 22 g carbohydrate/d) diet in a crossover design. Fecal samples were analyzed to determine concentrations of phenolic metabolites, short-chain fatty acids, and nitrogenous compounds of dietary and microbial origin. Results: Compared with the maintenance diet, the HPMC and HPLC diets resulted in increased proportions of branched-chain fatty acids and concentrations of phenylacetic acid and N-nitroso compounds. The HPLC diet also decreased the proportion of butyrate in fecal short-chain fatty acid concentrations, which was concomitant with a reduction in the Roseburia/Eubacterium rectale group of bacteria, and greatly reduced concentrations of fiber-derived, antioxidant phenolic acids such as ferulate and its derivatives. Conclusions: After 4 wk, weight-loss diets that were high in protein but reduced in total carbohydrates and fiber resulted in a significant decrease in fecal cancer-protective metabolites and increased concentrations of hazardous metabolites. Long-term adherence to such diets may increase risk of colonic disease.
INTRODUCTION
High-protein and low-carbohydrate (HPLC) diets have been shown to contribute to satiety and can help overweight people achieve weight loss (1, 2) . In the short term, such diets may result in health benefits associated with weight loss, including an improvement in insulin sensitivity (2) . However, it is important to assess whether these diets may have adverse consequences, and a particular concern is the possible effect on colonic health. Duncan et al (3) reported that there was a significant decrease in total fecal short-chain fatty acid (SCFA) concentrations with a disproportionate reduction in fecal butyrate when obese male subjects consumed an HPLC diet for a period of 4 wk. A similar effect of weight-loss diets on fecal SCFA was also reported by Brinkworth et al (4) . However, neither study considered the overall effect of these diets on the metabolic environment of the colon.
When dietary protein is consumed in high amounts, more dietary protein may reach the colon (5) and result in increased fermentation to products that include harmful nitrogenous metabolites (6) . Nitrosamine and heterocyclic amine concentrations in fecal samples are increased by high red-meat consumption (7, 8) , and these concentrations have been implicated in increased colon-cancer risk (6) . Overall, high intakes of protein, in particular of red meat, may increase risk of developing colorectal cancer (9) . In contrast, there is evidence that dietary fiber and nondigestible carbohydrates make an important contribution to the prevention of colorectal cancer. This contribution occurs, in part, via fermentation to SCFAs that have multiple effects on the colonic environment (10) and colonic mucosa, including the activation of gut receptors GPR41 and GPR43 and the modulation of inflammatory responses (11) (12) (13) . In particular, butyrate is the preferred energy source for the colonic epithelium and promotes apoptosis in colorectal cancer cells (14) (15) (16) (17) . In addition, the microbial fermentation of plant fiber releases a range of phenolic compounds into the colonic lumen that show antioxidant and anti-cancer activities (18) . Dietary nondigestible carbohydrate might potentially reduce the formation of harmful nitrogenous compounds (eg, by increasing the synthesis of bacterial cell protein), although this effect was not detected in a previous study that involved supplementation of diets that were high in meat with resistant starch (19) .
Therefore, the purpose of the current study was to monitor the effect of a high-protein and reduced-carbohydrate weight-loss diets on a wide range of fecal metabolites, including breakdown products of amino acids and phytochemicals derived from plant fiber that are considered to influence colonic health. A crossover design was used to examine the effect of 2 different high-protein weight-loss diets in obese, human, male volunteers. The longterm goal of this work was to define diets that resulted in weight loss without compromising colonic health.
SUBJECTS AND METHODS

Subject characteristics
Obese [mean body weight: 111.9 kg; range: 86.3-154.8 kg; mean body mass index (in kg/m 2 ): 35.8; range: 30-48.5] but otherwise healthy male subjects (n = 17) ( Table 1) were recruited for a 9-wk dietary intervention study that started in September 2005. Subjects were weight stable (,2 kg change in weight in the past 3 mo) with no history of gastrointestinal problems, which was confirmed with a medical examination and by contacting their general practitioners for recent medical and medication status. No antibiotic medications or drugs known to influence fecal microbiota were taken either 3 mo before or during the course of the study. Ethical approval was granted by the North of Scotland Research Ethics Committee, and all subjects provided informed signed consent to participate in the study. One subject withdrew from the study for reasons unconnected with the study.
Anthropometric measures
Heights of subjects were measured at the start of the study to the nearest 0.1 cm with a stadiometer (Holtain Ltd, Crymych, United Kingdom). Subjects were weighed every morning of the 9-wk study period (Table 1) . Weight were measured after voiding, with subjects wearing light clothing, to the nearest 100 g on a digital scale (DIGI DS-410; CMS Weighing Equipment, London, United Kingdom).
Experimental dietary regimen
Upon entry to the trial, subjects were provided with a weightmaintenance diet (on the basis of resting metabolic rate · 1.6) for 3-5 d. This diet comprised 13% protein, 50% carbohydrates, and 37% fat as calories. Subjects were provided with 2 fixed-intake (8.3 MJ/d) weight-loss diets, which consisted of either an HPLC (29% protein, 5% carbohydrate, and 66% fat as calories) diet or a high-protein and moderate-carbohydrate (HPMC; 28% protein, 35% carbohydrate, and 37% fat) diet, each of which were supplied for 28 d in a randomized, crossover design. All meals were of similar energy density of between 5.7-6.0 MJ/kg, and daily intakes were recorded by weight quantified by weighing the food components provided and that remained after each meal ( Table 2) . Breakfasts were consumed within the clinical kitchen at the Human Nutrition Unit of the Rowett Institute of Nutrition and Health, and volunteers were provided with packed lunches and ready-to-heat evening meals for consumption at work or home. Detailed menus are shown in Table 3 . The daily macronutrient intakes for the 3 diets were determined by trained staff with WinDiets Nutritional Analysis Software Suite (version 1.0; The Robert Gordon University, Aberdeen, United Kingdom), which is a computerized version of McCance and Widdowson's The Composition of Foods (20) ( Table 2 ).
Collection and preparation of fecal samples for analyses
Freshly voided fecal samples provided from each volunteer were maintained at 4°C for 5 h before processing. Each sample was mixed, and aliquots were stored frozen at 280°C for analysis of bacterial cell counts [by fluorescent in situ hybridization (FISH)] for the estimation of SCFA and ammonia concentrations and for the preparation of fecal water used for more extensive metabolite analyses. The short-term storage of fecal samples at 4°C had little effect on bacterial community profiles (21) .
Acidic fermentation product analysis
The SCFA content of samples was measured by capillary gas chromatography after conversion to t-butyldimethylsilyl derivatives (22) . The lower limit for the reliable detection of each product was 0.2 mmol/L.
Ammonia analysis
Ammonia concentrations were analyzed in fecal samples diluted 30-fold with sterile water and reacted with sodium phenate and sodium hypochlorite with the absorbance of the indophenol blue produced measured at 625 nm (23) . Fecal water preparation, pH, and moisture-content determination
Frozen fecal samples collected at the end of the maintenance, HPMC, and HPLC dietary periods were defrosted at 4°C and then thoroughly mixed with a stomacher (Seward, Bury St Edmunds, United Kingdom). The fecal water was separated by centrifugation (50,000 · g at 10°C for 2 h) the pH was recorded, and portions were immediately stored at 280°C. The pellet and a portion of the fecal water were freeze-dried, and the moisture content was calculated.
N-nitroso compound analysis
Samples were diluted 10-fold with distilled water, and the content of N-nitroso compounds (NOCs) was analyzed by measuring the chemical release of nitric oxide detected on a thermal energy analyzer. Concentrations were calculated by comparing the thermal response of a fecal water sample to the response of an N-nitrosodipropylamine standard (16.6 lg N-nitrosodipropylamin/ mL), and values were expressed as apparent total NOCs (ng/mL fecal water sample)
Metabolite analysis of fecal waters
Fecal waters were prepared for analysis by the addition of internal standards for negative (400 ng 13 C benzoic acid/lL) and positive ion analysis (100 ng 2-amino-3,4,7,8-tetramethylimidazo [4,5-f] quinoxaline/lL). The samples were centrifuged (10,000 · g at 4°C for 3 min), and the supernatant fluid was subjected to liquid chromatography-mass spectrometry analysis. Liquid chromatography separation of the metabolites was performed with an Agilent 1100 HPLC system (Agilent Technologies, Wokingham, United Kingdom) with a Zorbax Eclipse 5-lm, 150-· 4-mm column (Agilent Technologies). Metabolites were separated by using 3 gradient elution methods. The mobile phase solvents in each case were water and acetonitrile, both which contained 0.1% acetic acid. The flow rate was 300 lL/min with an injection volume of 5 lL. The liquid chromatography eluant was directed, splitless, into an ABI 3200 triple quadrupole mass spectrometer (Applied Biosystems, Warrington, United Kingdom) that was fitted with a turbo ion-spray source. For the analysis of phenolics, indoles, and bile acids, the mass spectrometer was run in a negative-ion mode with the following source settings: ion-spray voltage: 24500 V; source temperature: 400°C; gases 1 and 2 set at 15 and 40, respectively; and the curtain gas set at 10. For the analysis of heterocyclic amines, the mass spectrometer was run in positive-ion mode with the following source settings: ion-spray voltage: 5500; source temperature: 400°C; gases 1 and 2 set at 14 and 40, respectively; and the curtain gas set at 10. All metabolites were quantified by using multiple-reaction monitoring, and ion transitions for each of the analytes were determined on the basis of their molecular ion and a strong-fragment ion. For several categories of compounds, it was inevitable that their molecular ion and fragment ion would be similar, but this was overcome by differing elution times. Voltage variables, declustering potential, collision energy, collision cell entrance potential, and collision cell exit potential were optimized individually for each analyte.
Enumeration of bacteria in fecal samples by FISH
Fresh fecal samples were mixed and a subsample (0.5 g) was suspended evenly in 4.5 mL phosphate-buffered saline and fixed by mixing 1:3 in 4% (wt:vol) paraformaldehyde at 4°C for 16 h. Subsamples (0.8 mL) were stored -20°C. FISH analysis was performed with diluted cell suspensions applied to gelatincoated slides. Prepared slides were hybridized with 10 lL of the relevant oligonucleotide probe (50 ng/lL stock solution) and washed as described previously (3) . Cells were counted automatically with a DMRXA epifluorescence microscope (Leica, Wetzlar, Germany) and image-analysis software; however, when the number of fluorescent cells was ,10 per field of view, the cells were counted manually. Total bacterial numbers were estimated with the Eub338 probe and a panel of selected probes. Probe sequences and specificities are reported by Amann et al (24) for Eub338, Harmsen et al (25) for Rbro730 and Rfla729, Walker et al (26) for Prop853 and Rrec584, Aminov et al (27) for Rrec584, Manz et al (28) for Bac303, Franks et al (29) for Erec482, Langendijk et al (30) for Bif164, and Suau et al (31) for Fprau645.
Statistical analysis
For the maintenance diet, the average of the fecal sample measurements from week 1 was used. For the HPMC and HPLC diets, for each of the 4 wk that subjects consumed the diets, the average of the fecal samples from each week was calculated. For SCFAs, the effect of time on diet was investigated with analysis of variance (ANOVA) by using the data from the HPMC and HPLC diets with random effects for volunteer, period within volunteer, week within volunteer, and the interaction between the latter 2 terms. The fixed effects were taken to be the diet, diet order, number of weeks consuming a diet, and their various interactions. The order and associated interactions were nonsignificant (P . 0.05). Post hoc comparisons indicated that volunteers had fully adapted to the new diet after 2 wk. For further analyses, data from the maintenance diet and data from week 4 for the HPLC and HPMC diets were used (ie, one value per diet per volunteer). The effect of diet order (whether HPLC was given before or after the HPMC diet) was investigated by ANOVA with volunteer as the random effect and diet, order, and their interaction as fixed effects. The effects of the order and interaction with the diet with respect to concentrations of SCFAs, NOCs, and ammonia and bacterial FISH counts were nonsignificant (P . 0.05) and were excluded from the final analyses. Complete metabolite data were only determined from volunteers who received the HPLC diet before the HPMC diet (n = 8), and the effect of the order was not tested. For these 8 volunteers, the metabolites, SCFAs, bacterial counts, and pH, NOCs, and ammonia were summarized by principal component analysis (PCA), after standardization of data. All statistical analyses were performed with Genstat (11th edition, release 11.1; VSN International Ltd, Hemel Hempstead, United Kingdom). Significance was set at P , 0.05.
RESULTS
Nutrient intakes
The study involved healthy, obese, male volunteers (17 volunteers in total) who consumed 3 different controlled diets (maintenance, HPMC, and HPLC diets) over a 9-wk period (see Subjects and Methods and Tables 1 and 2 ). Protein intake was similar for the 2 weight-loss diets and was 1.6-fold greater than that during the maintenance period. In contrast, total carbohydrate intake was reduced to 48% and 7% of the maintenance intake for the HPMC and HPLC diets, respectively, and this was associated with a lower starch intake (70% and 1% of the maintenance intake, respectively). Nonstarch polysaccharide (NSP) intakes were reduced to 64% (HPMC diet) and 40% (HPLC diet) of the maintenance value (22 g NSP/d). The maintenance value was slightly above the current UK minimum recommendation on NSP fiber intake of 18 g NSP fiber/d (32) but below current dietary guidelines of the US Department of Agriculture of 3.3 g NSP fiber/MJ energy intake. Mean weight loss was 6.43 kg (5.77% of body weight) and 3.99 kg (3.59% of body weight) for the 28 d of the HPLC and HPMC diets, respectively.
Diet-induced changes in fecal pH and SCFA concentrations
Total SCFA concentrations in fecal samples decreased in response to the reduced carbohydrate intake of the HPLC diet (P , 0.001). Of the 3 major SCFAs, butyrate decreased in concentration (by 50%; P , 0.001) and proportion (by 28%; P = 0.001) for the HPLC diet compared with for the maintenance diet ( Table 4 ). In addition, concentrations and proportions of the branched-chain fatty acids (BCFAs) isovalerate and isobutyrate increased when subjects consumed the 2 high-protein diets compared with when subjects consumed the maintenance diet (P , 0.023). This probably reflected the increased bacterial fermentation of the branched-chain amino acids valine and leucine derived from the high-protein diets. The pH of the fecal water ( Table 5 ) was higher for samples from the HPLC diet than from samples from the maintenance and HPMC diets (P , 0.004), which was consistent with the lower fecal SCFA concentrations with the HPLC diet.
Effect of diet on fecal NOCs and ammonia concentrations
NOCs were detected in all fecal water samples, and concentrations increased 3.6-fold with the HPMC diet and 5.4-fold with the HPLC diet compared with those with the maintenance diet (all differences: P , 0.001) ( Table 5 ). Despite the differences in protein and carbohydrate intakes, fecal ammonia concentrations were similar across the 3 diets (Table 5) .
Effect of diet on metabolomic profiles
The reduction of dietary carbohydrate led to marked decreases in many of the plant-derived phenolic compounds ( Tables 6 and 7) . In particular, concentrations of ferulic acid (FA; 4-hydroxy-3-methoxycinnamic acid), which is the major cross-linking phenolic compound in plant-cell walls, decreased with the HPLC diet to ,3% of the concentration seen with the maintenance diet (P , 0.001) (Figure 1) . Amounts of metabolites derived from FA (18) (including 4-hydroxy-3-methoxyphenylpropionic acid and 3-hydroxyphenylpropionic acid) were also decreased with the HPLC diet (P , 0.002). Decreased amounts were also observed with the HPLC diet for other parent plant phenolics and their metabolites including gentisic acid (2,5-dihydroxybenzoic acid), 3,5-dihydroxybenzoic acid (the major syringic acid microbial metabolite), and a 4-hydroxy-3-methoxy-, 3,4-dihydroxy-substituted phenylacetic acid (P , 0.011). There were comparatively large amounts of unsubstituted PAA and phenylpropionic acid detected in all samples analyzed. Similar to many of the plant-derived phenolics, phenylpropionic acid concentrations also decreased from 31 mg/L with the maintenance diet to 12 mg/L with the HPLC diet (P = 0.002), whereas in contrast, PAA concentrations increased with the HPMC (63 mg/L; P , 0.001) and HPLC (44 mg/L; P = 0.012) diets compared with 24 mg/L with the maintenance diet ( Table 7) . Amounts of bile acids were variable, and no consistent diet-related changes were detected. Indole concentrations were lower (P = 0.001), and indole-3-pyruvic acid concentrations were greater (P = 0.034) with the HPMC diet than with the other 2 diets ( Table 8) .
The PCA revealed a positive association between fecal NOCs, BCFAs, valerate, lactate, and phenyl acetic acid concentrations in fecal samples from volunteers who consumed both highprotein diets (Figure 2) . Other phenolic metabolites, including FA derivatives, as well as various bacterial groups plus acetate, butyrate, and propionate, were shown to be more strongly associated with fecal samples from volunteers who consumed the maintenance diet, for which dietary carbohydrate intake was greatest ( Figure 2 ).
Diet-induced changes in the composition of the fecal microbiota
FISH was used to estimate major bacterial groups in fecal samples. This technique provided absolute cell counts, and showed that the total number of bacteria was greater (P , 0.012) with the maintenance diet than with the other 2 diets. The Roseburia/ Eubacterium rectale group of butyrate producers, which are members of the abundant gram-positive family Lachnospiraceae, decreased (P , 0.001) as a proportion of total bacteria with the HPLC diet ( Table 9 ). In contrast there was no significant change in the overall proportion of Lachnospiraceae or in a second major group of butyrate-producing gram-positive bacteria related to Faecalibacterium prausnitzii. The proportion of Bacteroides spp. decreased by 22% (P = 0.007) with the HPLC diet compared with that with maintenance diet.
DISCUSSION
The low-carbohydrate weight-loss (HPLC) diet resulted in a decrease in total fecal SCFA concentrations, with a disproportionate 1 M, maintenance diet; HPLC, high-protein and low-carbohydrate weight-loss diet; HPMC, high-protein and moderate-carbohydrate weightloss diet; SED, SE of difference. From ANOVA with volunteer as the random effect and diet as the fixed effect (32 residual df). When the effect of diet was significant, post hoc t tests were performed for which, within a row, significantly different values do not share the same superscript letter. reduction in amounts of butyrate. The 2-fold decrease in amounts of butyrate between the maintenance and HPLC diets compared with a 4-fold decrease reported in a previous study (3) . This difference may reflect the inclusion of more NSP fiber in the HPLC diet in the current study (9 compared with 6 g NSP fiber/d), which implied that the delivery of butyrate to the distal bowel was sensitive to the content of NSP fiber in the diet. Populations of the butyrate-producing Roseburia/E. rectale group of bacteria declined markedly with the HPLC diet in the current and previous (3) studies, but the abundance of another group of butyrateproducers, which are related to F. prausnitzii (33), was maintained, and this group may have become the main supplier of butyrate with this diet. F. prausnitzii has been reported to exert beneficial antiinflammatory effects on the gut mucosa (34) and is considered to have a positive influence on colonic health. The decrease in the Roseburia/E. rectale population may have been driven by the increased pH (26, 35) and reduced supply of resistant starch with the HPLC diet. Despite having only 60% of the NSP fiber and 50% of the total carbohydrates of the maintenance diet, the HPMC weight-loss diet gave only a slight, nonsignificant decrease in total SCFA and butyrate, although there was a significant reduction in the propionate proportion. Metabolite concentrations in fecal samples are generally assumed to reflect those in the distal colon and rectum. Therefore, this diet appeared to avoid the potentially negative effect of the HPLC diet on SCFA and butyrate concentrations, at least for the distal large intestine.
The increased intake of dietary protein in the 2 weight-loss diets resulted in a shift toward protein fermentation in the colon (4, 36) . The molar ratios of the BCFAs isovalerate and isobutyrate, which are compounds known to result from the bacterial fermentation of valine and leucine (37, 38) increased relative to total fecal SCFAs with both high-protein diets. Meanwhile, another product of amino acid fermentation, PAA, had the highest fecal concentration of any of the aromatic compounds with the HPMC and HPLC diets and was the only metabolite significantly increased by both high-protein intakes. PAA can be further metabolized to form toxic metabolites (39) . There was also a marked increase in fecal NOC amounts when subjects consumed both high-protein diets, and NOC concentrations were inversely related to intakes of carbohydrates and NSP with these 2 diets. NOCs are known carcinogens (40) , although the toxicological significance of increased fecal NOCs is uncertain. In vitro, some individual NOCs are genotoxic toward intestinal and hepatic cell lines (41), whereas NOC-specific DNA adducts have been identified and detected in shed colonocytes (42) . Furthermore, evidence in vitro suggested that nitrosated glycine derivatives induced mutations in p53 tumor-suppressor genes that were similar to those shown in human intestinal tumors (43). NOCs, at concentrations present in the colonic lumen, contribute to DNA damage in the colon and rectum and possibly to increased risk of human cancer.
The exact site and origin of the various NOCs within the gastrointestinal tract are not clear, but precursor substances such as nitrosothiols and nitrosyl heme are formed under acidic conditions in the stomach (44, 45) and can act as nitrosating agents. These form endogenous NOCs by nitrosating proteins and protein-degradation products derived from the diet or bacterial protein fermentation in the lower gut (19, 46) . In the current study, the HPLC diet increased the protein fermentation and decreased the carbohydrate fermentation by colonic microbiota and caused the greatest NOC formation endogenously. The HPMCdiet amount showed modulated NOC formation in the colon. This was important because previous studies have only focused on the effect of high-protein and high-meat intakes on endogenous NOC formation (7, 19, (47) (48) (49) , whereas our findings indicated that the magnitude of this effect depended on the dietary carbohydrate supply. The current study did not distinguish the effects of different types of dietary carbohydrate intakes, and this issue needs to be urgently addressed in view of the popularity of HP diets.
Amounts of most phenolic compounds of plant origin decreased in the fecal water when subjects consumed the HPLC diet and when the NSP intake was '25% that of the maintenance diet. FA was released from fiber and converted to other compounds by the microbial action in the colon (18) . Several of these metabolites have antiinflammatory properties and have the potential to promote gut health (50) . Although the sum of amounts of FA and its metabolites in fecal samples decreased with reduced fiber intake (maintenance . HPMC . HPLC diets), the relative concentrations of each metabolite varied considerably ( Figure 1 ). This probably reflected diet-driven changes in the microbial community composition that, in turn, influenced rates of metabolite conversion. However, with the HPLC diet, FA and derivatives were almost undetectable despite a fiber intake of 8.8 g fiber/d. One possible explanation is that these derivatives were subject to further microbial metabolism that was sufficient to degrade all that are formed when the NSP supply from the diet was low. Alternatively, the populations of bacteria that released FA from fiber may have been markedly reduced with the HPLC diet. It has yet to be established which bacterial species are mainly responsible for the formation and conversion of ferulate-derived metabolites.
The overall pattern of diet-associated changes is summarized by the PCA shown in Figure 2 . The major products of amino acid fermentation (eg, PAA and the BCFAs isobutyrate and isovalerate) plus NOCs were associated most closely with the high-protein diets. However, fecal NOCs were higher with the HPLC than with the HPMC diet, whereas BCFA and PAA concentrations were similar for the 2 high-protein diets. Thus, NOC formation was apparently not simply related to the protein fermentation or protein content of the diet and may, therefore, have involved other interactions. A negative association was also evident between the fecal pH and concentrations of the 3 major SCFAs, as might be anticipated. The use of isoenergetic diets of a varied macronutrient composition inevitably created some difficulties in identifying the effect of specific nutrients. For example, the low carbohydrate content of the HPLC compared with that of the HPMC diet was balanced by a larger total fat intake, whereas the protein content remained similar ( Table 2 ). The effects on fecal metabolites were presumed to be primarily due to the interaction between the fermentable protein and carbohydrates, but interactions with the fat content could not be excluded.
This study revealed a number of metabolic consequences of high-protein, reduced-carbohydrate weight-loss diets that raised concerns for gut health if these diets were adopted over the long term. At very low total intakes of carbohydrates and reduced intakes of NSP fiber, the amounts of butyrate and plant-derived phenolic compounds considered to provide protection against colorectal cancer were reduced. These compounds have been implicated in mediating the cancer-preventative effects of nondigestible carbohydrates and plant-based diets. At the same time, the higher protein intakes increased the protein fermentation in the colon. Fecal concentrations of carcinogenic NOCs increased markedly in volunteers who consumed the HPLC diet, whereas consumption of the HPMC diet had a lesser effect. Although this study demonstrated that high-protein, reduced-carbohydrate weight-loss diets had major consequences for gut metabolites implicated in colonic health, it was not possible to quantify any increase in colorectal risk presented by these diets because this would depend on many other factors (eg. duration and age). Obesity is also a risk factor for colorectal cancer, and this further complicated interpretation of the results. Therefore, a reduction in cancer risk that results from weight loss needs to be balanced against any increased risk to health created by the nature of the weight-loss diet.
In conclusion, these data indicated that retention of moderate amounts of NSP and other forms of fiber, such as resistant starch (51) , in weight-loss diets could counteract some of the adverse metabolic consequences of HPLC diets. Therefore, it seems prudent to give preference to weight-loss diets that include sufficient fiber and resistant carbohydrate intake to promote gut health. This conclusion is in agreement with recent epidemiologic evidence (52) .
